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Abstract

8

The transition to online learning in spring 2020 was abrupt for both students and instructors. While

9

many instructors moved to asynchronous classes, some institutions relied more heavily on synchronous

10

online courses. Here, we evaluate student perceptions of an inquiry-based molecular biology lecture and

11

lab course following this transition by comparing student survey responses from spring 2019, when the

12

lecture and lab were fully in person, to spring 2020, when the lecture and lab started in person before

13

transitioning to a synchronous online format. Students were asked to identify the main factors that

14

supported their learning in lecture and lab, characterize the main barriers to learning in those courses,

15

and discuss their preference of having an inquiry-based lab or a traditional “cookbook” lab with pre-

16

determined answers. We coded these responses and provide one of the first studies to examine the

17

impact of this online transition on student perceptions of learning in an inquiry-based molecular biology

18

lecture and lab course.

19
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22

Introduction

23

Many institutions of higher learning transitioned to online learning in spring 2020 due to the COVID-19

24

pandemic [1]. This abrupt transition posed many challenges for students, who faced increased stress

25

and anxiety as well as potential increases in social isolation [2-3]. Instructors, similarly, were tasked with

26

moving classes to remote instruction with often very little notice and training, an especially acute

27

challenge for those courses in spring that were already underway and had been designed for in-person

28

instruction. While some instructors shifted to asynchronous learning, others attempted to translate the

29

in-person course experience to synchronous online classes. However, while past work has investigated

30

student perceptions of online learning [e.g. 4-7], few studies have explored the impacts of a sudden

31

mid-semester transition to online learning on student perceptions of learning, particularly in the context

32

of the COVID-19 pandemic.

33

Here, we focus specifically on student perceptions of supports and barriers in an inquiry-based

34

molecular biology lecture and lab course that transitioned to synchronous online learning in spring 2020.

35

We compare student survey responses in spring 2019 (when the lecture and lab were conducted fully in-

36

person) to those in spring 2020 (when the lecture and lab started in person but shifted online) to answer

37

the following three questions:

38

1) What did students identify as the main factors that supported their learning in this class, and

39

how did these factors change between the fully in-person iteration of the course in spring 2019

40

and the spring 2020 iteration of the course that began in-person but transitioned to online

41

learning?

42
43

2) What did students identify as the main barriers to their learning in this class, and how did these
factors change between spring 2019 and spring 2020?
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44

3) How do students perceive this exploratory lab, and what impact, if any, did the transition to

45

remote learning and the inability to finish the lab project impact student perceptions?

46

These questions are particularly relevant given that the molecular biology courses studied here relied

47

heavily on active learning, which has been identified as one of the four main factors (along with student-

48

faculty interaction, time on task, and cooperation among students) that promote effective online

49

teaching [8-9]. Active learning is a broad approach that encompasses many different pedagogical

50

techniques, ranging from problem solving to think-pair-shares to discussions [10-11], and can promote

51

student engagement in online courses [12-15]. Despite this, few studies have specifically examined

52

student perceptions of active learning following a mid-semester transition to online learning. As such,

53

we were interested in determining if there was a change in how students perceived the frequent

54

inquiry-based small-group breakout sessions in this molecular biology course after the online transition.

55

Past work has also identified several main barriers to student success in online courses, including lack of

56

student motivation and interaction with peers [16-17]. There has been limited work examining student

57

barriers in the context of the COVID-19 pandemic (e.g. see [18]), and most previous work on student

58

barriers has focused on courses that were designed for and taught fully online. Our work thus seeks to

59

identify if students perceived the same barriers to their learning in an inquiry-based molecular biology

60

lecture and lab following the transition to online learning in the context of the COVID-19 pandemic.

61

Finally, while past work has studied student learning in online science labs [e.g. 19-20], we are unaware

62

of any previous work that examines how the shift to online instruction in an inquiry-based lab partway

63

through a semester impacted student self-efficacy.

64
65
66
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67

Methods

68

Course context and study population

69

Our work analyzes student perceptions in a predominantly first-year molecular genetics course at a

70

private R2 institution in southern California that shifted online partway through the spring 2020

71

semester. To characterize the student population in these courses, we collected limited demographic

72

information in our survey; responses were anonymized and de-linked from student names for this study.

73

Response rates on the surveys were high both semesters (spring 2019: 156 of 177 students, 88.1%

74

response rate; spring 2020: 139 of 157 students, 88.5%). This work was deemed exempt by the

75

Chapman University Institutional Review Board.

76

Students taking this course in the spring are mostly life science majors (71.8% of students in spring 2019

77

and 74.1% in spring 2020) or enrolled in our 2+3 pre-pharmacy program (25.0% in spring 2019 and

78

18.7% in spring 2020), where students complete two years of undergraduate courses before

79

transitioning to a three-year accelerated Doctorate of Pharmacy degree. The majority of students in

80

spring are first-year students (76.9% in spring 2019 and 72.7% in spring 2020), with most of the

81

remaining students in their second year of college (12.2% in spring 2019, and 20.9% in spring 2020).

82

Approximately three-quarters (75.6% in spring 2019 and 73.88% in spring 2020) of students self-

83

identified as female in our survey, reflecting our institution’s skewed gender distribution of students.

84

Students have typically only taken one previous semester of introductory biology prior to this course

85

since this is the second course in the introductory biology sequence for these majors. The course

86

includes a lecture component taught by one of two instructors (the authors of this paper) and a lab

87

component taught by the lecture instructors or by other full- or part-time faculty. There were three

88

lecture sections of the course in both spring 2019 and 2020, with the same instructor teaching two of

89

the three sections both years and roughly even enrollment across the sections.
4

90

Both the lecture and lab components of this course were fully in-person in spring 2019 and started in-

91

person in spring 2020. The lecture component relied heavily on active learning, including frequent think-

92

pair-share exercises, formative assessments such as polls, and inquiry-based breakout sessions where

93

students were challenged to think critically about data or novel scenarios [e.g. see 21-23]. The lab,

94

similarly, was a semester-long exploratory project where students extract DNA from a plant, amplify and

95

clone a gene from their sample, and then sequence and analyze the results [24]. This inquiry-based lab

96

incorporated multiple scientific practices, where students were challenged to interpret data at repeated

97

points throughout the project and make decisions based off the data, were unaware of the results

98

before doing the experiments, and had ownership over their own samples that they worked with the

99

entire semester [25]. After the transition to remote learning in spring 2020, both the lecture and lab

100

continued with synchronous sessions; while attendance dropped, the instructors noted that most

101

students were still attending live. The lecture continued to use many active learning techniques,

102

including the use of breakout rooms in Zoom to facilitate small group inquiry-based activities and the

103

polls feature of Zoom. The lab, meanwhile, transitioned to synchronous classes where the instructor

104

focused on promoting conceptual understanding of the purpose of each step remaining in the semester-

105

long project as well as analyzing data from past semesters, including doing a short bioinformatics

106

module. Students were provided with results from past semesters to analyze in class and in their end-of-

107

semester lab write-up. Due to the shutdown of campus and the abrupt transition, it was not possible to

108

film any videos demonstrating the lab (with the exception of one video used by some of the instructors)

109

and no simulations were used, though instructors continued to provide previously filmed pre-lab videos

110

that explained key concepts.

111
112
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113

Survey

114

Students were surveyed after the last day of classes in both spring 2019 and spring 2020 about their

115

experiences; completion was incentivized by a small amount of bonus points, and surveys were closed

116

before final exams were given. The same questions were asked in these surveys in spring 2019, when

117

the semester was fully in person, and spring 2020, with half the semester occurring online, thus

118

providing a unique perspective into how student perception may have changed about the lecture and

119

lab course in spring 2020 due to the online instruction. While the course is taught in fall semesters as

120

well, there are fewer students and a very different demographic make-up (e.g. most students who take

121

the course in the fall are sophomores), so we opted to compare spring 2019 to 2020 given the much

122

closer student demographic profiles in these semesters. The courses remained largely the same in

123

structure between the semesters except for changes necessitated by the shift to online instruction and

124

the disruption to the course schedule due to the transition.

125

Students were asked the following open-ended, free response questions on the survey; two of the

126

questions were isomorphic between the lecture and lab components of the course:

127
128
129
130
131
132
133
134

1) What do you feel most contributed to your learning in this class? This question was targeted
specifically for the lecture component of the course.
2) What do you feel most contributed to your learning in this lab? This question was targeted
specifically for the lab component of the course.
3) What do you feel were barriers to your learning in this class? This question was targeted
specifically for the lecture component of the course.
4) What do you feel were barriers to your learning in this class? This question was targeted
specifically for the lab component of the course.

6

135

5) In a teaching lab like this, do you feel comfortable or prefer experiments that are guaranteed

136

to give you pre-determined outcomes or are you ok with exploratory experiments such as

137

this? Why or why not?

138

Analyses of survey data

139

Approximately 20% of the responses across both years were coded by one of the authors following an

140

emergent coding strategy [26]. The codes were then shared with the second coder, who reviewed the

141

codes and independently coded the same responses. Disagreements were discussed until consensus was

142

reached, and then one coder coded the remainder of the responses. Given the emphasis on identifying

143

major themes from student responses and any change in these themes, codes that had fewer than ten

144

responses in both spring 2019 and spring 2020 were excluded from the analysis for the first four

145

questions, though were included for the question asking about student preference for exploratory labs

146

versus labs with pre-determined outcomes in order to fully capture the range of student preferences.

147

Frequency of codes were compared between years with a Chi-squared test or Fisher’s exact test (for

148

codes that were only found in one of the years) with a post-hoc Bonferonni correction.

149
150

Results

151

Student perceptions of supports and barriers to learning in lecture

152

Students identified several main areas that contributed to their learning in the lecture portion of the

153

course; these categories largely remained the same between spring 2019 and spring 2020 (table I). The

154

most common response in both spring 2019 and spring 2020 were students citing the breakout sessions,

155

groupwork, and activities in class (24.3% and 23.7% of all codes in spring 2019 and 2020, respectively).

156

There was one area that showed significant increases between spring 2019 and 2020: the percent of

7

157

overall codes that indicated the lecture recording contributed to their learning increased from 0% in

158

spring 2019 (when lectures were not recorded) to 4.9% in spring 2020, when online lectures were

159

recorded. In contrast, fewer students reported reading the textbook as something that contributed to

160

their learning (8.1% to 2.0% of codes from 2019 to 2020), the only category that saw a significant

161

decrease from 2019 to 2020.

162

In contrast, there were marked differences in what students reported as barriers to their learning in the

163

lecture portion of the course (table II). Nearly a third (27.7%) of responses indicated online learning as a

164

barrier; while most students did not indicate the reason for why they perceived online learning as

165

something that inhibited their performance, this was the most common response in spring 2020. The

166

second most common response was related, with 8.8% of responses indicating that it was more

167

challenging to engage online with small groups or the whole class. Neither of these categories were

168

present in spring 2019. The percent of responses that cited a lack of motivation also dramatically

169

increased (0.5% of all codes in spring 2019 to 11.2% in spring 2020). Two other categories (difficulty of

170

the course, and the style of the exams with higher-order cognitive questions) saw small but significant

171

decreases between spring 2019 and 2020.

172
173

Student perceptions of supports and barriers to learning in lab

174

There were no significant changes in the factors that students self-identified as contributing to their

175

learning in the lab portion of the course between spring 2019 and spring 2020 (table III). In both 2019

176

and 2020, the most common response was that specific lab assignments were helpful (22.8% and 24.3%

177

of all codes in 2019 and 2020, respectively), with the second most-common response citing the

178

instructor (13.9% and 12.2% in 2019 and 2020, respectively). There were increases in the number of

179

students who cited attending supplemental instruction (SI) sessions, where an undergraduate who has
8

180

previously taken the class leads a weekly review and problem-solving session (from 3.2% to 10.8% of

181

responses in 2019 and 2020, respectively) and instructor office hours (5.7% to 10.1%), though neither

182

were significant. In contrast, there were major changes in what students self-identified as barriers to

183

their learning in the lab between 2019 and 2020 (table IV). The most common barrier that students cited

184

in 2020 was the inability to complete the hands-on aspects of the lab (37.5% of codes), which was not

185

cited in 2019 given that the entire semester was in-person. The second most common self-identified

186

barrier in 2020 was online learning (18.9%), another category that was not present in 2019. There was

187

also a decrease in the frequency of student responses that cited the wording of the provided lab manual

188

(16.0% to 3.6%), although the lab manual was not changed between semesters.

189
190

Student preferences of exploratory versus cookbook labs

191

Students in both 2019 and 2020 overwhelmingly preferred exploratory, inquiry-based labs as opposed

192

to cookbook labs with pre-determined outcomes (74.6% and 76.4% preferring exploratory labs in 2019

193

and 2020, respectively; table V). Despite the transition to online learning, there was no significant

194

change in the proportion of students who either preferred the exploratory labs nor those that stated

195

they preferred cookbook labs (15.8% in spring 2019 and 23.0% in spring 2020). Interestingly, there were

196

also no significant differences between the reasons provided by students as to why they preferred

197

exploratory or cookbook labs. In both 2019 and 2020, the most common category of responses (26.5%

198

and 29.7%, respectively) were students who cited that they preferred exploratory labs due to the

199

realistic nature of the labs that reflected authentic scientific practices. The second and third most

200

frequently cited reasons for preferring exploratory labs were that students enjoyed the process of

201

having to think and analyze data more critically in an exploratory, inquiry-based lab than a cookbook lab

202

(12.7% and 12.8% in 2019 and 2020, respectively) or that they viewed an exploratory lab as more

9

203

interesting and exciting (13.8% and 10.1% in 2019 and 2020, respectively). The most common reason

204

provided by students who preferred cookbook labs with pre-determined outcomes was that it would be

205

easier to know what the outcome should be or to check their answers to a known standard in cookbook

206

labs (8.5% and 14.9% in 2019 and 2020, respectively).

207
208

Discussion

209

Student supports and barriers to learning in lecture

210

These results provide a unique view into how students perceive an inquiry-based introductory molecular

211

genetics course and the corresponding exploratory, inquiry-based lab both before and after the

212

transition to online learning in spring 2020. Interestingly, breakout sessions remained the most

213

frequently cited factor that contributed to student learning in spring 2020, with no decrease in

214

perception from the previous year, suggesting that such small-group activities can be effectively

215

transferred from an in-person to online setting without a change in student perception. Despite this,

216

there was a significant increase in students who reported that engagement was a barrier in spring 2020,

217

consistent with past literature showing that lowered engagement and diminished opportunities for

218

social interactions in online courses can hinder student learning and their perceptions of learning [27-

219

28]. The increase in students reporting engagement as a barrier in spring 2020 may be due to the

220

randomized breakout groups we used in online lecture classes in spring 2020, while students were able

221

to work with their chosen groups during in-person classes. The lack of familiarity with breakout group

222

partners may thus have contributed to this decrease in perceived student engagement, a hypothesis

223

consistent with having far fewer students report online engagement as a barrier in the lab portion of the

224

course, when students were still able to work remotely with their same lab partners even after the

225

transition to online learning.
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226

In addition, fewer students reported the textbook as a resource that helped them learn from 2019 to

227

2020; similarly, fewer students reported that the lab manual being confusing was a barrier in 2020. It is

228

unclear what may have caused these changes; it is possible that lower student motivation (as discussed

229

below) resulted in fewer students reading the textbook and lab manual regularly, that students felt less

230

need to read the book or lab manual given that they now had access to lecture recordings, or that fewer

231

students had access to the textbook and lab manual following the transition to online learning (e.g. if

232

they had relied upon the university library for accessing the book or did not bring the textbook or lab

233

manual home with them given the abrupt nature of moving home). The only other significant change in

234

what students perceived as contributing to their learning in lecture was for recordings of the course

235

lectures; this is unsurprising given that in-person courses were not recorded, meaning that these

236

recordings were a new resource only available for online instruction.

237

In addition to students citing the issues with engagement, many students also reported that having

238

courses online was a barrier to their learning in both lecture and lab. Most students who did so did not

239

provide insight into what aspect of online learning they found challenging, and future work is needed to

240

elucidate the exact factors contributing to these negative student perceptions. However, one

241

contributing factor that may be related is motivation, which has been shown to be a major barrier to

242

student learning in online courses [27, 29-30]. Our results were consistent with past work (e.g. [18]),

243

with a significant increase in students citing a lack of motivation in spring 2020. One student wrote that

244

“staying motivated [with online learning] was particularly difficult. Going to [in person] class gave me a

245

routine wherein I’d wake up at least an hour and half before class to get to school and the preparation

246

for that jump started my day. Without that [in online learning] it was just me waking up 2 minutes

247

before class, changing the location of where my laptop was positioned, so that I wouldn't just get tired.

248

Also, I know myself and I know that I function better in class rather than on an online format. That in

249

itself made it difficult to work online.” This theme was echoed throughout the responses, with many
11

250

students stating that they were having much more difficulty motivating themselves to participate in

251

class and study in an online setting as compared to when classes were in person, or citing personal and

252

technological barriers as dampening their motivation. We also speculate that the university’s decision to

253

allow students to switch to a pass/no pass grading scheme up until the last day of the semester may also

254

have lowered motivation for students who previously were motivated by this extrinsic factor [30-31].

255

Finally, it is interesting to note that fewer students reported that the difficulty or rigor of the class was a

256

barrier in spring 2020, with fewer students also stating that the higher-order questions on the exam

257

were a barrier. These changes may be an artifact of the nature of open responses, when students may

258

have written other barriers they perceived as more significant, or may be influenced by the university’s

259

decision to allow students to switch all classes to pass/no pass for the semester.

260
261

Student supports and barriers to learning in lab

262

Interestingly, there were no significant changes to what students perceived as most helpful to their

263

learning in the lab portion of the course, despite the transition to online learning. Like with lecture,

264

however, there were marked shifts in what students perceived as barriers to their learning in lab. The

265

most frequent barrier cited in 2020 was the lack of ability to perform the hands-on aspects of the lab.

266

Even though instructors focused more on conceptual understanding of lab techniques and data analysis

267

and shifted away from assessing specific techniques, students still reported that the lack of completing

268

the lab prevented them from fully grasping the concepts. “It was difficult to understand the labs without

269

actually performing the steps,” one student wrote, while another concurred, writing that “the only

270

barrier I felt was the transition to online. With this transition, we were no longer able to perform labs,

271

and physically performing the labs helped me understand what was going on.” These responses indicate

272

a disconnect between instructors’ expectations and students’ perceptions of the lab; we did not

12

273

anticipate that not performing the lab would be such a significant barrier, given the decreased emphasis

274

on mastering lab techniques in the online setting. In addition, many of the steps of the lab project that

275

were discussed online were similar to steps that students had completely previously; for example,

276

students had already completed a genomic DNA purification using column chromatography and had run

277

and interpreted two PCR gels. Given this, we believed that students would be able to visualize similar

278

techniques like plasmid purification from a bacteria and running and interpreting restriction enzyme

279

digest gels. However, these data indicate that students viewed the lack of ability to physically conduct

280

the labs as a barrier to their learning. Consequently, we will implement simulations and videos of the

281

labs in future iterations of this lab that are taught online, and additional work is needed to assess the

282

impact of these simulations and videos on student perceptions of learning in the inquiry-based lab.

283
284

Students prefer exploratory, inquiry-based based labs over cookbook ones

285

Despite these barriers reported by students, most students still preferred an inquiry-based exploratory

286

lab over a cookbook lab with pre-determined outcomes. Students provided different reasons for why

287

they preferred such exploratory, inquiry-based labs; these responses reflect some of the benefits that

288

have been reported for course-based undergraduate research experiences (CUREs) and other inquiry-

289

based labs [32-34]. For instance, the most common response was that students felt the exploratory lab

290

was more realistic than a cookbook lab with pre-determined outcomes and reflected authentic research

291

better than a cookbook lab. One student from spring 2020 wrote that “I like these exploratory

292

experiments, as it gives us an opportunity to truly be a real researcher scientist, and it allows us to utilize

293

critical thinking to come up with expected outcomes, and trace down sources of error if problems do

294

arise. This is more of a real-world setting, and it could help when doing laboratory research in the

295

future.” Other students mentioned similar feelings of validation and increases in self-efficacy, which

13

296

have been reported to be benefits of CUREs and inquiry-based labs [35-36]. Students also reported that

297

they preferred exploratory experiments due to having to analyze data and think critically more than they

298

would have in a cookbook lab. “[Exploratory experiments] teach you a lot more about how to analyze all

299

the different possible outcomes of your data and makes you do much more critical thinking when

300

analyzing your results. These are important skills to have in any scientific field,” one student wrote.

301

Similarly, students also reported that they preferred exploratory experiments since they would be more

302

interesting, would have to analyze different results and outcomes that varied from group to group, or

303

that they would learn more in such a lab than a cookbook lab. “I am ok with experiments like this

304

because it allows us to learn very in depth about one thing, versus pre-determined outcome labs are

305

fairly surface level, in my opinion,” one student wrote. “Because we are not graded on accuracy, we can

306

instead really focus on actually conducting interesting experiments like this and learning about them in

307

depth.” Another commented that “I think it is good to have exploratory experiments because you can

308

learn a lot from them. In the real world we are not always going to get what we want, so these types of

309

experiments challenge you.” These categories of responses also align with characteristics and benefits of

310

CUREs and inquiry-based labs, which are known to lead to greater student learning and excitement [25].

311

These responses indicate that most students are self-reporting benefits in an inquiry-based lab with no

312

change in student preference even with the transition to online learning, despite the barriers reported

313

due to the online learning. While further work is needed to determine the impact of this online

314

transition on student learning and self-efficacy as well as what these impacts would be if the lab course

315

had been online for the entire semester, these results are promising and hint that the spring 2020 lab

316

course that was half online may still have promoted the same benefits to student self-efficacy and led to

317

the same increased excitement about inquiry-based labs and authentic research as compared to if the

318

lab was completed in-person.

319
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320

Limitations

321

There are several limitations to this study, which was done as a post-hoc retrospective analysis. First, the

322

responses are from a single course at one institution and may not be representative of all students and

323

classes. Given the limited scope of the study, responses could be heavily influenced by specific instructor

324

or course attributes. Second, the survey data from 2020 did not ask students to clarify whether their

325

responses were referring to the in-person or online aspects of the course; for example, some students

326

may have responded that breakout sessions were very helpful to their learning and might only be

327

referring to the in-person breakout sessions or the ones online, and not both. Despite these limitations,

328

this study is one of the first to examine student perspectives of the transition to online learning in spring

329

2020 in an inquiry-based lecture and lab, and is one of the only studies we are aware of that

330

incorporates student survey data from identical questions asked in a prior semester without online

331

learning to provide baseline student perspectives in the course prior to online learning. We also

332

characterize perceived student supports and barriers for synchronous lectures and labs that rely on

333

frequent small group activities and inquiry-based teaching. Finally, our study provides valuable insights

334

into how students view an inquiry-based lab, and how such perceptions largely did not change even

335

when students were not able to complete the remainder of their project in lab in spring 2020.

336
337

Implications for biology and biochemistry instructors

338

These results provide several implications for biology instructors in lecture and lab courses. First, these

339

data demonstrate that it is possible for instructors in synchronous online courses to continue using

340

some active learning techniques without seeing a decrease in student perceptions of these activities.

341

Second, student responses highlight the need for instructors to take deliberate steps to promote

342

engagement among students; allowing the same breakout groups each time and providing time for
15

343

community building may be beneficial. Third, instructors should be aware of the many challenges that

344

students are facing when learning remotely, including a decrease in motivation and increases in stress

345

and anxiety [2-3, 18], and can take steps to encourage intrinsic motivation of students and reduce

346

student stress [31, 37]. We also find that students appreciated having highly structured courses, in line

347

with past reports that more structured courses promote greater learning [38-39]. Students reported

348

that having regular formative assessments, such as problem sets and discussion questions, as well as

349

having supplemental instruction led by undergraduates who had previously taken the course, were

350

highly beneficial to their learning, and instructors can promote additional structure in their courses and

351

add in frequent, low-stakes formative assessments and practice resources for students [38-39]. Finally,

352

these results indicate that instructors of online lab courses should consider adding in simulations or

353

videos and not rely solely on discussions of the concepts behind different lab techniques, given the high

354

frequency of students reporting that not doing the hands-on components of the lab was a barrier to

355

their learning.

356
357

Acknowledgments

358

We thank the editor and anonymous reviewer for helpful comments, Ashley Whelpley for providing

359

essential technical support, and all the lab instructors and supplemental instructors for their

360

contributions to the course.

361
362
363
364
16

365
366

References
1. L. Gardner (2020) Covid-19 Has Forced Higher Ed to Pivot to Online Learning. Here Are 7

367

Takeaways So Far. Chronicle of Higher Education, https://www.chronicle.com/article/covid-19-

368

has-forced-higher-ed-to-pivot-to-online-learning-here-are-7-takeaways-so-far/ Accessed August

369

30, 2020.

370

2. A. L. Liberman-Martin, O. M. Ogba (2020) Midsemester transition to remote instruction in a

371
372

flipped college-level organic chemistry course. J. Chem. Educ. doi:10.1021/acs.jchemed.0c00632
3. W. Cao, Z. Fang, G. Hou, M. Han, X. Xu, J. Xong, J. Zheng. (2020) The psychological impact of the

373
374

COVID-19 epidemic on college students in China. Psychiatry Research 287: 112934.
4. L. Song, E.S. Singleton, J.R. Hill, M.H. Koh. (2004) Improving online learning: Student perceptions

375
376

of useful and challenging characteristics. Internet and Higher Education 7: 59-70.
5. P. Lowenthal, C. Bauer, K. Chen. (2015) Student perceptions of online learning: An analysis of

377
378

online course evaluations. American Journal of Distance Education 29: 85-97.
6. T. Stuckey-Mickell, B.D. Stuckey-Danner. (2007) Virtual labs in the online biology course: Student

379

perceptions of effectiveness and usability. J Online Learning and Teaching 3: 105-111.

380

7. L. Somenarain, S. Akkaraju, R. Gharbaran. (2010) Student perceptions and learning outcomes in

381

asynchronous and synchronous online learning environments in a biology course. J Online

382

Learning and Teaching 6: 353-356.

383

8. A.W. Bangert. (2005) Identifying factors underlying the quality of online teaching effectiveness. J

384
385

Computing in Higher Education 17: 79-99.
9.

A.W. Bangert. (2008) The development and validation of the student evaluation of online

386

teaching effectiveness. Computers in the Schools: Interdisciplinary Journal of Practice, Theory,

387

and Applied Research 25: 25-47.

17

388
389
390
391
392

10. J. Gardner, B.R. Belland. (2012) A conceptual framework for organizing active learning
experiences in biology instruction. J Science Education and Technology 21: 465-475.
11. E.P. Driessen, J.K. Knight, M.K. Smith, C.J. Ballen. (2020) Demystifying the meaning of active
learning in postsecondary biology education. CBE-Life Sciences Education 19(4).
12. A.W. Cole, L. Lennon, N.L. Weber. (2019) Student perceptions of online active learning practices

393

and online learning climate predict online course engagement. Interactive Learning

394

Environments 1-15.

395
396
397

13. M.D. Dixson. (2010). Creating effective student engagement in online courses: What do students
find engaging? J Scholarship of Teaching and Learning 10: 1-13.
14. H.R. Tan, W.H. Chng, C. Chonardo, M.T.T. Ng, F.M. Fung. (2020). How chemists achieve active

398

learning online during the COVID-19 pandemic: Using the community of inquiry (CoI) framework

399

to support remote teaching. J Chemical Education 97: 25121-2518.

400
401
402
403
404
405
406

15. A. Khan, O. Egbue, B. Palkie, J. Madden. (2017). Active learning: Engaging students to maximize
learning in an online course. Electronic J of E-learning 15: 107-115.
16. L.Y. Muilenburg, Z.L. Berge. (2005). Student barriers to online learning: A factor analytic study. J
Distance Education 1: 29-48.
17. K. Kim, T.W. Frick. (2011). Changes in student motivation during online learning. J Educational
Computing Research 44: 1-23.
18. E. Driessen, A. Beatty, A. Stokes, S. Wood, C. Ballen. (2020) Learning principles of evolution

407

during a crisis: An exploratory analysis of student barriers one week and one month into the

408

COVID-19 pandemic. Ecology and Evolution. Doi:10.1002/ece3.6741

409
410

19. R. Reuter. (2009). Online versus in the classroom: Student success in a hands-on lab class.
American J of Distance Education 3: 151-162.

18

411

20. G.A. Maldarelli, E.M. Hartmann, P.J. Cummings, R.D. horner, K.M. Obom, R. Shingles, R.S.

412

Pearlman. (2009). Virtual lab demonstrations improve students’ mastery of basic biology

413

laboratory techniques. J Microbiology and Biology Education 10: 51-57.

414
415
416
417
418

21. K.N. Pelletreau, T. Andrews, et al. (2016) A clicker-based study that untangles student thinking
about the processes in the Central Dogma. CourseSource. Doi:10.24918/cs.2016.15
22. J.L. Hsu. (2019) A “choose-your-own” classroom-based activity that promotes scientific inquiry
about RNA interference. J Microbiology and Biology Education 20: 20.3.58.
23. M.A. Rowland-Goldsmith, C. Toto, E.J. Silverman. (2015) Effects of using collaborative critical-

419

thinking activities on learning a fundamental molecular biology concept. In 22nd Annual ASM

420

Conference for Undergraduate Educators (ASMCUE). J Microbiology and Biology Education 16:

421

105-122.

422

24. J.M. Lau and D.L. Robinson. (2009) Effectiveness of a cloning and sequencing exercise on student

423

learning with subsequent publication in the National Center for Biotechnology Information

424

GenBank. CBE-Life Sciences Education 8: 326-337.

425
426
427
428
429

25. L. Auchincloss, S.L. Laursen, et al. (2014) Assessment of course-based undergraduate research
experiences: A meeting report. CBE-Life Sciences Education 13: 29-40.
26. A. Strauss, J.M. Corbin. (1990) Basics of qualitative research: Grounded theory procedures and
techniques. Thousand Oaks, CA: Sage Publications.
27. J.A. Gray, M. DiLoreto. (2016) The effects of student engagement, student satisfaction, and

430

perceived learning in online learning environments. Intl J of Educational Leadership Preparation

431

11(1).

432
433

28. S.S. Jaggars, D. Xu. (2016) How do online course design features influence student performance?
Computers and Education 95: 270-284.

19

434
435
436
437
438
439
440
441
442

29. N. Kemp, R. Grieve. (2014) Face-to-face or face-to-screen? Undergraduates’ opinions and test
performance in classroom vs. online learning. Frontiers in Psychology 5.
30. C. Lee. (2000) Student motivation in the online learning environment. J Educational Media and
Library Sciences 37: 367-375.
31. Y. Lin, W. McKeachie, Y.C. Kim. (2003) College student intrinsic and/or extrinsic motivation and
learning. Learning and Individual Differences 13: 251-258.
32. E.L. Dolan. (2017) Undergraduate research as curriculum. Biochemistry and Molecular Biology
Education 45: 293-298.
33. D. Esparza, A.E. Wagler, J.T. Olimpo. (2020) Characterization of instructor and student behaviors

443

in CURE and non-CURE learning environments: Impacts on student motivation, science identity

444

development, and perceptions of the laboratory experience. CBE-Life Sciences Education 19:

445

ar10 1-15.

446
447
448

34. C. Gormally, P. Brickman, B. Hallar, N. Armstrong. (2009) Effects of inquiry-based learning on
students’ science literacy skills and confidence. Intl J for Scholarship of Teaching and Learning 3.
35. A. Carpi, D.M. Ronan, H.M. Falconer, N.H. Lents. (2017) Cultivating minority scientists:

449

Undergraduate research increases self-efficacy and career ambitions for underrepresented

450

students in STEM. J Research in Science Teaching 54: 169-194.

451

36. O.A. Adedokun, A.B. Bessenbacher, L.C. Parker, L.L. Kirkham, W.D. Burgess. (2013) Research

452

skills and STEM undergraduate research students’ aspirations for research careers: Mediating

453

effects of research self-efficacy. J Research in Science Teaching 50: 940-951.

454

37. J.L. Hsu, G. Goldsmith. (2020) Instructor strategies to alleviate student stress and anxiety in

455

colleges and universities. EdArXiv, doi:10.35542/osf.io/h746s, accessed August 30, 2020

456

38. K.D. Tanner. (2013) Structure matters: Twenty-one teaching strategies to promote student

457

engagement and cultivate classroom equity. CBE-Life Sciences Education 12: 322-331.

20

458
459

39. D.C. Haak, J. HilleRisLambers, E. Pitre, S. Freeman. (2011) Increased structure and active learning
reduce the achievement gap in introductory biology. Science 332: 1213-1216.

460
461
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Table I. Student perceptions of what helped them learn in the lecture component of the course.

463

Significance is indicated with an asterisk. Note that since codes with fewer than 10 responses in both

464

years were excluded, the percent of codes does not sum to 100%.
Category
name

Definition

Instructor

Mentioned the instructor
specifically or specific attributes
about the instructor
Mentioned the supplemental
instructor (SI) or SI sessions
Mentioned breakout sessions,
group work, or activities from in
class
Mentioned specific examples or
case studies from class, or doing
practice problems in class
Mentioned reading the textbook
Mentioned doing problem sets and
other assigned homework

Supplemental
instructor
Breakout
sessions
Examples/pra
ctice
Textbook
Problem sets
and
homework
Recording
Office hours

Mentioned recordings of in-class
lectures
Mentioned attending the
instructor’s office hours

Number of
responses
that fell
under this
category in
spring 2019
(percent of
codes)
6 (2.9%)

Number of
responses
that fell
under this
category in
spring 2020
(percent of
codes)
12 (5.9%)

38 (18.1%)

27 (13.3%)

51 (24.3%)

48 (23.7%)

12 (5.7%)

11 (5.4%)

17 (8.1%)*
25 (11.9%)

4 (2.0%)*
37 (18.2%)

0 (0%)*

10 (4.9%)*

9 (4.3%)

22 (10.8%)

465
466

21

467

Table II. Student perceptions of barriers to learning in the lecture component of the course.

468

Significance is indicated with an asterisk. Note that since codes with fewer than 10 responses in both

469

years were excluded, the percent of codes does not sum to 100%.
Category name

Definition

Difficulty
Time

Mentioned difficulty or rigor of class
Mentioned limited student time
outside of class for studying and
preparing for the class, workload of
other classes that would limit this
time, or conflicts with attending
office hours, etc.
Mentioned online class or online
learning as a barrier
Mentioned challenges with the
exam style of higher-order questions

Online learning
Exam style

Critical thinking

Resources

Pace

Concepts

Engagement
online
Motivation
None

Mentioned had challenges with
critical thinking, or not being able to
apply concepts to a situation
Mentioned a lack of resources or
not enough resources for preparing
for assessments
Mentioned pacing of course or
content delivery, or amount of
content covered
Mentioned that concepts were
challenging or confusing, or did not
understand the concepts
Mentioned harder to engage online,
whether in breakout groups or with
the class
Mentioned lack of motivation or
procrastination
Stated that they had no barriers

Number of
responses
that fell
under this
category in
spring 2019
(percent of
codes)
14 (7.5%)*
25 (13.3%)

Number of
responses
that fell
under this
category in
spring 2020
(percent of
codes)
2 (1.2%)*
10 (5.9%)

0 (0%)*

47 (27.7%)*

26 (13.8%)*

2 (1.2%)*

16 (8.5%)

5 (2.9%)

10 (5.3%)

4 (2.4%)

13 (6.9%)

8 (4.7%)

14 (7.5%)

4 (2.4%)

0 (0%)*

15 (8.8%)*

1 (0.5%)*

19 (11.2%)*

15 (8.0%)

11 (6.5%)
22

470

Table III. Student perceptions of what helped them learn in the lab component of the course. None of

471

the differences were significant between 2019 and 2020. Note that since codes with fewer than 10

472

responses in both years were excluded, the percent of codes does not sum to 100%.
Category name

Definition

Instructor

Mentioned the instructor
specifically or specific attributes
about the instructor
Mentioned the supplemental
instructor (SI) or SI sessions
Mentioned reading the lab
manual
Mentioned doing assignments for
lab
Mentioned instructor-made preclass videos
Mentioned attending the
instructor’s office hours

Supplemental
instructor
Lab manual
Problem sets and
homework
Pre-class videos
Office hours

Number of
responses that fell
under this
category in spring
2019 (percent of
codes)
22 (13.9%)

Number of
responses that fell
under this category
in spring 2020
(percent of codes)

5 (3.2%)

16 (10.8%)

12 (7.6%)

5 (3.4%)

36 (22.8%)

36 (24.3%)

21 (13.3%)

11 (7.4%)

9 (5.7%)

15 (10.1%)

18 (12.2%)

473
474
475
476
477
478
479

23

480

Table IV. Student perceptions of barriers to learning in the lab component of the course. Significance is

481

indicated with an asterisk. Note that since codes with fewer than 10 responses in both years were

482

excluded, the percent of codes does not sum to 100%.
Category
name

Definition

Time

Mentioned limited student
time outside of class for
studying and preparing for
the class, workload of other
classes that would limit this
time, or conflicts with
attending office hours, etc.
Mentioned online class or
online learning as a barrier
Mentioned lab manual was
confusing or unclear
Mentioned that concepts
were challenging or
confusing, or did not
understand the concepts
Mentioned challenging to not
actually do the lab or
perform the hands-on
aspects of lab techniques
Mentioned lack of overlap
between lecture and lab

Online
learning
Lab manual
Concepts

Not doing
lab

Overlap

Number of
responses that
fell under this
category in
spring 2019
(percent of
codes)
12 (7.7%)

Number of
responses that
fell under this
category in spring
2020 (percent of
codes)

0 (0%)*

30 (17.9%)*

25 (16.0%)*

6 (3.6%)*

19 (12.2%)

10 (6.0%)

0 (0%)*

63 (37.5%)*

10 (6.4%)

7 (4.2%)

4 (2.4%)

483
484
485
486

24

487

Table V. Student preferences about exploratory labs versus labs with pre-determined outcomes. None

488

of the differences are significant between spring 2019 and 2020.

Category name

Definition

Exploratory –
Mentioned exploratory experiments
interest/excitement are more satisfying, interesting,
and/or exciting but did not provide
a reason why
Exploratory –
Mentioned appreciated analyzing
outcomes
results that were not necessarily
pre-determined or would be
different from group to group
Exploratory –
Mentioned exploratory experiments
realistic
felt more realistic or reflective of
authentic science; includes
validation of student as scientist
Exploratory –
Mentioned exploratory experiments
process
made student think more or have to
analyze more, i.e. highlighted the
process of exploratory experiments
Exploratory – novel Mentioned discovering new things
or felt like it was novel
Exploratory –
Mentioned exploratory experiments
learning
contribute to greater learning
Exploratory – other Mentioned exploratory and gave
reason
another reason that did not fall in
category above
Pre-determined –
Mentioned pre-determined
check outcomes
outcomes since it is easier to know
what the outcome would be or
check answers
Pre-determined Mentioned pre-determined labs
grading
would lead to easier grading or
higher scores
Pre-determined –
Mentioned preferred prefailure
determined since group got
negative or unsatisfying results, or
classmates did
Pre-determined –
Mentioned preferred prestress
determined since less stressful

Number of
responses that fell
under this category
in spring 2019
(percent of codes)
26 (13.8%)

Number of responses
that fell under this
category in spring 2020
(percent of codes)

15 (7.9%)

10 (6.8%)

50 (26.5%)

44 (29.7%)

24 (12.7%)

19 (12.8%)

6 (3.2%)

0 (0%)

14 (7.4%)

16 (10.8%)

6 (3.2%)

9 (6.1%)

16 (8.5%)

22 (14.9%)

2 (1.1%)

1 (0.7%)

4 (2.1%)

2 (1.4%)

1 (0.5%)

4 (2.7%)

15 (10.1%)

25

Pre-determined –
other
No preference /
other
Total exploratory
Total predetermined
outcome
489

Mentioned pre-determined lab for
another reason that did not fall in a
category above
Did not state an explicit preference
or stated that had no preference

7 (3.7%)

5 (3.4%)

18 (9.5%)

16 (10.8%)

141 (74.6%)
30 (15.9%)

113 (76.4%)
34 (23.0%)

26

